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Chemorepulsion of Neuronal Migration
by Slit2 in the Developing
Mammalian Forebrain
SVZa to the olfactory bulb is unidirectional, suggesting
that directional guidance mechanisms must exist (Hu
and Rutishauser, 1996). Indeed, in vitro culture in colla-
gen gels shows that the caudal part of the septum se-
creted a chemorepulsive factor (Hu and Rutishauser,
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Rammelkamp Center for Education and Research
MetroHealth Medical Center
Cleveland, Ohio 44109
1996). Unlike radial migration in the cerebral cortex, glial
fibers do not play a role in their guidance as the cellsSummary
migrate in a direction orthogonal to the radially oriented
glial fibers (Kishi et al., 1990). The identity of the direc-Newborn cerebral cortical neurons migrate along
tional guidance factor in this system has not yet beenradial glia to the cortical plate. Experiments using a
described.collagen gel assay revealed that the choroid plexus
Past studies on axon guidance have yielded a wealthrepelled cerebral cortical neurons and olfactory inter-
of information on the molecules that are involved. Theyneuron precursors, which were mimicked by Neuro-2A
belong to several different groups depending on theircells. Fractionation of Neuro-2A-conditioned medium
modes of action. For example, Fasciclin II in Drosophilaidentified a protein of 190 kDa, equivalent to full-length
(Grenningloh et al., 1991; Lin and Goodman, 1994) andSlit proteins. Indeed, it cross-reacted with an antibody
NCAM in chicken (Tang et al., 1994) mediate axon path-against Slit2, suggesting that it is either Slit2 or another
finding through contact-dependent mechanisms. Net-Slit protein. Further, Slit2, expressed in COS cells, re-
rins and secreted semaphorins, on the other hand, pro-pelled cerebral cortical neurons and olfactory in-
vide diffusible long-range guidance cues for growingterneuron precursors. Thus, Slit2, which is expressed
axons (Kolodkin et al., 1993; Luo et al., 1993; Kennedyby the choroid plexus and the septum, acts as a che-
et al., 1994; Serafini et al., 1994, 1996). Genetic studiesmorepulsive factor for neuronal migration. These results
in Drosophila and C. elegans have identified a trans-suggest chemorepulsion as a guidance mechanism
membrane molecule roundabout (Robo), belonging tofor neuronal migration in the developing forebrain.
the immunoglobulin superfamily that is required for ap-
propriate crossing of axons at the midline (Kidd et al.,
1998; Zallen et al., 1998). The secreted protein Slit, firstIntroduction
characterized in Drosophila, is expressed at the midline
and accumulates on axons that do not cross the midlineNeurons of the mammalian central nervous system are
born in the ventricular and subventricular zones (VZ and (Rothberg et al., 1990). Recently, Kidd et al. (1999)
showed that Slit is the ligand for Robo in Drosophila. ItSVZ; for reviews, see Hatten and Mason, 1990; McCon-
nell, 1990; Rakic, 1990; McConnell, 1995). They then is not only required for axon guidance at the midline but
also repels muscle precursors, causing them to movemigrate to their final destination, sometimes over very
long distances. Failure of neuronal migration results in away from the midline (Kidd et al., 1999). An elegant
study using chimeric hybrids of netrin and Slit receptorsdevelopmental and functional abnormalities (Pearlman
et al., 1998). Two of the most well studied systems are expressed as transgenes in Drosophila demonstrated
that repulsion is encoded by the intracellular domain ofthe migration of cerebral cortical neurons to the cortical
plate and the olfactory interneuron precursors to the Robo, further confirming the role of Slit±Robo interaction
in proper axon and mesoderm migration guidance (Ba-olfactory bulb. Cerebral cortical neurons generated in
the cortical VZ and SVZ migrate outward along radial shaw and Goodman, 1999). In vertebrates, a family of
Slit molecules (Slit1, 2, and 3) have been describedglial processes to the cortical plate where the later gen-
erated neurons migrate past the early generated neu- (Holmes et al., 1998; Itoh et al., 1998). As in Drosophila,
vertebrate Slit proteins bind to Robo receptors (Broserons (Rakic, 1972; McConnell, 1992). They form the so-
called ªinside-outº layers and differentiate to form the et al., 1999; Li et al., 1999) and have been shown to have
mature cortex. An intriguing question is why those neu- a role in axon guidance. In vitro culture studies have
rons migrate only toward the pia and not toward the shown that Slit2 repels motor, olfactory, and dentate
ventricles. gyrus axons (Ba-Charvet et al., 1999; Brose et al., 1999;
The olfactory interneuron precursors migrate from the Li et al., 1999) and promotes axon growth and branching
SVZ in the anterior forebrain (SVZa) to the olfactory bulb of sensory axons (Wang et al., 1999).
via a SVZ pathway (Luskin, 1993; Lois and Alvarez-Buy- In this study, it was hypothesized that the migration
lla, 1994). They continue to divide en route to the bulb of cerebral cortical neurons could be guided in part by
(Luskin et al., 1997). Once in the bulb, they migrate out- diffusible soluble factors that establish the migration
ward to populate the bulb. Evidence suggests that they direction. To examine if the pia mater secretes a chemo-
migrate on themselves in the form of migrating chains attractive factor and/or if the choroid plexus secretes a
(Hu et al., 1996; Lois et al., 1996; Wichterle et al., 1997). chemorepulsive factor, fetal cerebral cortical SVZ ex-
Transplantation studies show that the migration from plants were cocultured with explants of pia mater or
choroid plexus. An in vitro assay was designed for pro-
tein fractionation to purify the factor. In addition, the* To whom correspondence should be addressed (e-mail: hhu@
research.mhmc.org). possible role of Slit2 in neuronal migration was also
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Figure 1. Choroid Plexus Repels the Migrat-
ing Cerebral Cortical Neurons
Cerebral cortical subventricular zone was co-
cultured with other tissues in collagen gels
for 24 hr. (A, B, C, E, and F) Phase contrast
images. (D) FITC Fluorescence.
(A) SVZ±pia mater coculture.
(B) SVZ±choroid plexus coculture.
(C) SVZ±septum coculture.
(D) Anti-b-tubulin III immunostaining.
(E) High magnificaion of the distal quadrant
of SVZ±choroid plexus coculture.
(F) High magnification of the proximal quad-
rant of SVZ±choroid plexus coculture.
Note that the choroid plexus and the septum
repelled migrating cerebral cortical neurons
while pia mater did not attract. Also note that
in the proximal quadrant of SVZ±choroid plexus
cocultures (F), few cells migrated and their
leading processes are reversed. Scale bars: (A,
B, and C), 200 mm; (D, E, and F), 75 mm.
tested. The results showed that the choroid plexus re- symmetrical when cocultured with the explants of the
pia mater (Figure 1A; n 5 32), suggesting that there waspelled the migration of cerebral cortical neurons and the
olfactory interneuron precursors. Protein fractionation no attractive factor secreted by the pia mater. However,
when cocultured with the choroid plexus from the lateralpurified the activity to homogeneity and identified a 190
kDa molecule, the size of full-length Slit proteins. The ventricles, cell migration was asymmetric with most of
the cells that migrated out of the SVZ explants movingpurified protein cross-reacted with an antibody against
Slit2. Indeed, chemorepulsion was mimicked by Slit2 away from the choroid plexus explants (Figure 1B; 62
out of 72 cocultures). To quantitate this result, the cellsexpressed in COS cells. These results suggest a chemo-
tropic guidance mechanism for neuronal migration in that migrated out of SVZ explants were divided into four
quadrants. Cells in the proximal and distal quadrantsthe developing mammalian brain.
with respect to the choroid plexus explants were
counted on camera lucida drawings from a phase con-Results
trast microscope (Table 1). While there were 174 cells
in the proximal quadrants of the choroid plexus, thereThe Fetal Choroid Plexus of the Lateral Ventricles
Repels Migrating Neurons from Fetal Cerebral
Cortical SVZ
In theory, newly generated neurons in the cortical SVZ Table 1. Number of Cells in the Proximal and Distal Quadrants
of the Cocultures of the Fetal Cerebral Cortical SVZ and themay respond to attractive cues secreted from the pia
Choroid Plexusmater or to repulsive cues in the cerebral spinal fluid of
the lateral ventricles secreted by the choroid plexus. To Leading Process
Orientationexamine if the pia mater attracts the SVZ cells or if the
fetal choroid plexus repels the SVZ cells, SVZ explants Quadrant Forwarda Reverse No Process Total
isolated from E16.5 mouse cerebral cortex were cocul-
Proximal 51 86 37 174tured with the pia mater or the choroid plexus isolated
Distal 301 22 29 352
from the same brain. Some experiments were also done
aForward orientation is defined as the leading process projectingin rat, and similar results were obtained. For simplicity,
away from the SVZ explant. Reverse orientation is the opposite.only the data from mouse are presented. As shown in
p , 0.005, Chi-square analysis.
Figure 1, cell migration out of the SVZ explants was
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Figure 2. Choroid Plexus Repels Olfactory
Interneuron Precursors
SVZa explants from the newborn (P4±P7)
were cocultured with the choroid plexus ex-
plants isolated from newborn (B), fetal (C),
and adult (D) mice for 24 hr. (A, B, C, and
D) Phase contrast images. (A) SVZa cultured
alone. Anti-b-tubulin III staining of SVZa±
newborn choroid plexus coculture is shown
in (E) (distal quadrant) and (F) (proximal quad-
rant). Note that the choroid plexus of all
stages repels olfactory interneuron precur-
sors. Scale bars: (A, B, C, and D), 200 mm; (E
and F), 75 mm.
were 352 cells in the distal quadrants (pooled results in The septum secretes a chemorepulsive activity for
an experiment of 18 cocultures). To determine if the olfactory interneuron precursors (Hu and Rutishauser,
migrating cells were neurons, the explant cultures were 1996). To examine if the septum also repelled cerebral
stained with an antibody against b-tubulin III. As shown cortical neurons, cerebral cortical SVZ (E16.5) were cocul-
in Figure 1D, the migrating cells expressed b-tubulin III, tured with the septal explants (E16.5) in collagen gels. As
indicating that they were neurons. These results suggest shown in Figure 1C, migration was asymmetrical from the
that the choroid plexus secretes a chemorepulsive fac- SVZ explants (25 out of 31 cocultures), suggesting that
tor that repels the migrating neurons from the cerebral the septum also secretes a similar chemorepulsive activity.
cortical SVZ in vitro.
Though fewer cells migrated to the proximal quad-
The Choroid Plexus Repelled Olfactoryrants than to the distal quadrants, some cells did migrate
Interneuron Precursorsto the proximal quadrants. If the choroid plexus secretes
To test if the choroid plexus also repels olfactory in-a chemorepulsive factor, the cells that migrated to the
terneuron precursors, newborn mouse SVZa explantsproximal quadrant should reverse their migration direc-
were cocultured with the choroid plexus explants.tion in response to such repulsive cues. Therefore, the
Shown in Figure 2 are results of these cocultures. Whenorientation of the cells with respect to the leading pro-
newborn SVZa explants were cocultued with the new-cess in the proximal quadrants and the distal quadrants
born choroid plexus explants isolated from the lateralwas examined. As shown in Table 1, while 50% cells
ventricle, the cells migrated away from the choroidin the proximal quadrant have their leading processes
plexus (Figure 2B; all 59 cocultures), while SVZa culturedturned back toward the SVZ explants, only 6.25% cells
alone resulted in cells migrating symmetrically (Figurein the distal quadrants did (see Figures 1E and 1F for
2A). To make sure that the migrating cells are olfactoryexamples). In other words, more cells in the proximal
interneuron precursors, the SVZa±choroid plexus cocul-quadrants turned away from the choroid plexus explants
tures were stained with anti-b-tubulin III. Figure 2Ethan the cells in the distal quadrants turned toward it.
shows that cells in the distal quadrant are immunoreac-Again, these results suggest that there is a choroid
tive to the antibody, while there are few reactive cellsplexus±derived chemorepulsive factor that repels the
migrating cerebral cortical neurons. in the proximal quadrant (Figure 2F). To quantitate the
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Figure 3. Repulsion of Neuronal Migration by
N2A and Chemorepulsion Assay using Micro-
cylinders
Cerebral cortical SVZ (A) and SVZa (B) were
cocultured with N2A aggregates for 24 hr.
Note that the cells migrated away from N2A
aggregates. (C) Olfactory interneuron precur-
sors migrated away from the agarose block
that contains microcylinders loaded with N2A-
conditioned medium. (D) Microcylinders loaded
with plain medium do not repel olfactory in-
terneuron precursors. (E and F) Repulsion of
active fractions of the SP-sepharose eluate
and the RCA-1 eluate. Scale bar, 200 mm.
repulsive effect of the choroid plexus on migration, 12 isolation of the chemorepulsive factor due to the very
limited amount of material one can obtain. To alleviatecocultures were stained with propidium iodide to visual-
ize the nuclei. A confocal image through the middle this problem, alternative sources of the chemorepulsive
activity were sought. As shown in Figure 3, Neuro-2Aof the explant was obtained. The number of cells that
migrated toward the choroid plexus explants (proximal cells (N2A; a neuroblastoma cell line) secrete a factor
that mimics the activity of the septum and the choroidquadrant) and the number of cells that migrated away
from the choroid plexus explants (distal quadrant) were plexus. When aggregates of N2A were cocultured with
the fetal cortical SVZ (Figure 3A; 27 out of 32 explantscounted. It was found that 111 cells migrated to the
proximal quadrant, while 2198 cells migrated to the dis- showed repulsion) and newborn SVZa (Figure 3B; all 44
explants showed repulsion) explants, cells tended total quadrant (p , 0.005, Chi-square analysis). These
results suggest that, together with the caudal part of the migrate away. These results suggest that N2A cells pro-
duce a chemorepulsive activity similar to that from theseptum, the choroid plexus repels olfactory interneuron
precursors and may help determine the migration direc- choroid plexus and the septum. Thus, N2A cells were
tion in vivo. used as a source of material for the purification of the
To test the temporal expression of the choroid plexus± chemorepulsive factor. Other cell lines tested but lack-
derived chemorepulsive activity during development, ing a chemorepulsive activity include 3T3, COS, PC12,
the choroid plexus explants isolated from fetal (E16.5) F11, ES, and EC cell lines.
and adult mice (4 months old) were cocultured with the To purify the activity, a chemorepulsion assay using
SVZa explants isolated from the newborn mice. The microcylinders was developed. Microcylinders made
migration of olfactory interneuron precursors out of the from phospholipid can release trapped materials in a
SVZa explants was asymmetric when cocultured with very slow fashion over several days (Rudolph et al.,
both fetal (Figure 2C; 25 out of 25 explants) and the 1992; Spargo et al., 1995). N2A-conditioned medium
adult choroid plexus (Figure 2D; 34 out of 48 explants). was concentrated to 503 with Centricon concentrator of
These results indicate that, in addition to the newborn molecular weight cutoff (MWCO) of 10 K. Microcylinders
choroid plexus, the choroid plexus of fetal and adult loaded with concentrated conditioned medium were
mice also repel olfactory interneuron precursors sug- then embedded into low melting point agarose gels.
gesting that similar repulsive activities exist in the fetus When SVZa explants were cultured next to the agarose
and the adult. Adult septal tissue did not survive in cul- blocks in collagen gels, the cells migrated away from
ture, so it was not readily determinable if the adult sep- the agarose blocks (Figure 3C). Newborn SVZa explants
tum was repulsive. were used in this assay as it was easier to obtain than
the prenatal cerebral SVZ. When plain medium or heat-
inactivated N2A-conditioned medium was used (658C,Isolation of a Candidate Chemorepulsive Factor
by Protein Fractionation 15 min) to load microcylinders, cell migration was not
affected (Figure 3D).It is not practical to use the septum or the choroid plexus
isolated from newborn mice as a primary source for This microcylinder chemorepulsion assay was used to
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Chemorepulsion of the Migrating Cortical Neurons
and the Olfactory Interneuron Precursors by Slit2
To test if recombinant Slit2 repels cortical SVZ cells and
the olfactory interneuron precursors, a Slit2 expression
vector (Brose et al., 1999) was transfected into COS-1
and HEK293 cells. Aggregates of transfected COS and
HEK293 cells were cocultured with explants of fetal cor-
tical SVZ and newborn SVZa. Similar results were ob-
tained with both cells, and only data from COS-1 cells
are presented. When both cerebral cortical SVZ (E16.5;
Figure 5A) and SVZa (newborn mice; Figure 5B) explants
were cocultured with slit2-transfected COS-1 cell aggre-
gates, the cells migrated away. Very few cells migrated
to the proximal quadrant with respect to the COS-1
aggregates, while many cells migrated to the distal
quadrant. As a control, mock-transfected COS-1 cell
aggregates did not induce asymmetry in cell migration
Figure 4. Gel Analysis of Active Fractions of N2A-Conditioned for both cerebral cortical SVZ (Figure 5C) and the SVZaMedium
explants (Figure 5D). To examine if cells that migrated
The fractions were examined by SDS-PAGE. Left panels: 10% gel.
out of the cortical SVZ were neurons, some coculturesRight panels: 5% gel and Western blot analysis of the purified 190
were stained with anti-b-tubulin III. As shown in FigurekDa protein. Arrowheads point to the 190 kDa protein. Note that in
5E, cells that migrated out of the distal quadrant wereaddition to the 190 kDa band in the unfractionated conditioned
medium (CM), there is also an additional 140 kDa band that is likely immunoreactive, indicating that they were neurons. There
to be the cleaved Slit fragment. were fewer cells in the proximal quadrant (Figure 5F).
Their leading processes were often turned back toward
SVZ (see arrowhead in Figure 5F).detect active fractions during protein purification. N2A-
In cocultures of cortical SVZ with transfected cells, itconditioned medium (10 liters) were fractionated on a
was possible to count the migrating cells from cameraSP-sepharose column. The active fraction of 0.6 M NaCl
lucida drawings of the explant cultures. From one exper-eluate (Figure 3E) was then passed through an RCA-
iment of 23 cocultures, while there were 40.78 6 2.551-agarose lectin column. The activity was eluted with
cells per explant that migrated out in the distal quadrant,lactose (Figure 3F). Minigel analysis showed that there
there were only 5.43 6 1.02 cells per explant in thewere two bands in the eluate by 0.1 M lactose, at a
proximal quadrant (p , 0.01, Student's t test). It wasmolecular weight of 190 kDa and 32 kDa (RCA-1 eluate,
not possible to count the cells for the SVZa culturesFigure 4). Concentration of the lactose eluate and subse-
using phase optics, since there were too many migratingquent washing with PBS three times using Centricon
cells in the distal quadrant, forming a halo. To quantitateconcentrators (100 kDa MWCO) resulted in an prepara-
the data, the explant cultures were stained with propid-tion that retained the repulsive activity and showed one
ium iodide. A confocal image through the middle of the190 kDa band (100 kDa retent, Figure 4).
explant was obtained with a confocal microscope (ZeissAs full-length Slit2 is also observed to migrate at 190
LSM410) for each explant. The cells in the distal andkDa (Wang et al., 1999), it was possible that the 190 kDa
the proximal quadrants were then counted on theseprotein isolated from N2A-conditioned medium might
images. While there were 83.19 6 9.22 cells per explantbe Slit2 or another Slit protein. Furthermore, slit2 was
in the distal quadrant, there were only 2.62 6 0.43 cellsshown to be expressed in the developing septum, the
per explant in the proximal quadrant (p , 0.01, Student'sfloor plate, and the choroid plexus (Holmes et al., 1998;
t test). These results suggest that Slit2, expressed inBa-Charvet et al., 1999; Brose et al., 1999; Li et al.,
the septum and the choroid plexus, is a chemorepulsive1999; Wang et al., 1999), tissues that repelled migrating
factor that repels the cerebral cortical neurons and theneurons. Together, they suggested that Slit2 or another
olfactory interneuron precursors.Slit protein might be the chemorepulsive factor. Indeed,
Western blot analysis of the purified protein with an
antibody raised against EGF domains 1±5 of Slit2 (a gift Discussion
of Drs. K. H. Wang, K. Brose, and M. Tessier-Lavigne)
showed that this 190 kDa protein cross-reacted with the It has been known for many years that cerebral cortical
neurons generated in the SVZ migrate toward the corti-antibody (Figure 4, right). Thus, the 190 kDa protein is
either Slit2 or an immunologically cross-reactive species cal plate along glial fibers (Rakic, 1972, 1988). The ques-
tion as to what sets the migration direction on the radial(the specificity of the antiserum for Slit2 compared to
other known Slit proteins has not been determined glia is very interesting. It is possible that a gradient of
some signaling molecules is present on the radial glia.[K. H. Wang, K. Brose, and M. Tessier-Lavigne, personal
communication]). The purified activity showed only one But no such gradient has been observed in in vitro stud-
ies. Alternatively, it is possible that long-range guidanceband of 190 kDa protein. The unfractionated conditioned
medium (CM) showed two bands, 190 kDa and 140 kDa. cues, either attractive cues from the pia or repulsive
cues from the ventricles, may be present and could helpThe 140 kDa protein is likely to be the N-terminal frag-
ment of the full-length protein product, since Slit2 (and guide neurons.
In this paper, the hypothesis that the direction of cere-presumably other Slit proteins as well) has been shown
to be cleaved into two fragments (Wang et al., 1999). bral cortical neuronal migration might be guided in part
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Figure 5. The Migration of Cerebral Cortical
and Olfactory Interneurons Is Repelled by
Slit2
Cerebral cortical SVZ and SVZa were cocul-
tured with slit2-transfected COS-1 aggre-
gates. (A, B, C, and D) Phase contrast images.
(E and F) FITC fluorescence of anti-b-tubulin
III staining. Note that Slit2 repels cerebral cor-
tical neurons (A) and olfactory interneuron
precursors (B). Mock-transfected COS-1 ag-
gregates did not induce asymmetry in migra-
tion from either cerebral cortical SVZ (C) or
SVZa (D). Cells migrating out of the distal
quadrant of cerebral cortical SVZ±Slit2 cocul-
tures showed anti-b-tubulin III staining (E).
There were fewer cells in the proximal quad-
rant (F). Scale bars: (A, B, C, and D), 200 mm;
(E and F), 75 mm.
by long-range attractive or repulsive factor(s) was exam- others, a model of chemotropic guidance of migrating
telencephalic neurons can be proposed. During prenatalined using a collagen gel assay. It was shown that the
migration of cerebral cortical neurons was repelled by development, Slit2 is secreted by the septum, the cho-
roid plexus, and the ventricular lining (Ba-Charvet et al.,the choroid plexus. The activity appeared to be similar
to the septum-derived chemorepulsive factor in that the 1999) into the lateral ventricles. The presence of Slit2
in the lateral ventricles could establish a gradient of achoroid plexus repelled olfactory interneuron precur-
sors. The N2A cell line mimicked the chemorepulsive repulsive cue for the cortical neurons. This gradient
might prevent the cerebral cortical neurons from migrat-activity of the choroid plexus and the septum. To purify
the factor, a chemorepulsion assay was developed us- ing toward the ventricles, and instead they migrate to-
ward the pia mater on radial glial fibers. In the newborn,ing microcylinders. Fractionation of N2A-conditioned
medium yielded a 190 kDa protein (the size of full-length where the olfactory ventricle is occluded, the same re-
pulsive cues are located caudal to the SVZa. They maySlit proteins) that was immunologically cross-reactive
with Slit2, suggesting that it is either Slit2 or another Slit prevent the olfactory interneuron precursors generated
in SVZa from migrating caudally and help set the rostralprotein. Indeed, recombinant Slit2 repelled both cere-
bral cortical neurons and the olfactory interneuron pre- migration direction.
Do other Slit proteins have similar biological activity?cursors.
Slit2 can be cleaved into two fragments, the N termi- slit1 is expressed in the cortical plate, the septum, and
mitral cells of the olfactory bulb (Ba-Charvet et al., 1999).nus 140 kDa and C terminus approximately 50 kDa frag-
ments. It is not known whether this cleavage is required Though slit3 was not detected in the brain by Northern
blot analysis (Itoh et al., 1998), it could be present infor the chemorepulsive activity on axons. However, the
140 kDa fragment, but not the full-length 190 kDa pro- localized tissue regions. It is also possible that there
may be more slit genes in the vertebrate. The possibilitytein, promotes axon elongation and branching of sen-
sory neurons (Wang et al., 1999). By contrast, in this of chemorepulsion by other Slit proteins will need to be
tested.study, the chemorepulsive activity of neuronal migration
was purified as a 190 kDa protein. It will be interesting
to test if the 140 kDa fragment also repels migrating Migration of Cerebral Cortical Neurons
The mRNA expression patterns of slit2 and Robo recep-neurons.
Based on this study and in situ hybridization data from tor proteins in the brain suggest that slit2 expression is
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present at the right time and the right place. While slit2 Slit Proteins as Mutifunctional Proteins
Slit proteins have diverse functions in the developingmRNA was found in the septum, the choroid plexus, the
ventricular lining of the lateral ventricles, and entorhinal nervous system. In Drosophila, Slit is involved in axon
guidance at the midline and repels mesodermal cellscortex (Ba-Charvet et al., 1999; Li et al., 1999), its mRNA
was not found in the neocortex (Ba-Charvet et al., 1999). (Kidd et al., 1999). It has outgrowth-promoting activity
for sensory neurons as it increases growth and branch-By contrast, both vertebrate roundabout molecules
Robo-1 and Robo-2 mRNAs were found in the neocortex ing (Wang et al., 1999). It repels spinal cord motor axons
(Brose et al., 1999), olfactory projection axons (Ba-Char-(Ba-Charvet et al., 1999; Li et al., 1999).
In this study, cocultures of fetal cerebral cortical SVZ vet et al., 1999; Li et al., 1999), and hippocampal dentate
gyrus axons (Ba-Charvet et al., 1999). This study showsexplants with the choroid plexus and Slit2 expressing
cells showed that Slit repelled migrating neurons. They that it repels the migration of cerebral cortical neurons
and olfactory interneuron precursors. It can be assumedsupport the hypothesis that there may be long-range
guidance cues for the migration of cerebral cortical neu- that more functions will be established not only in the
nervous system but also in other organs (Holmes et al.,rons. However, cultures of cerebral cortical slices clearly
showed that migration of newly generated neurons from 1998). How Slit proteins mediate such diverse biological
functions will be an interesting question to be studiedthe SVZ toward the cortical plate occurs in vitro without
the choroid plexus or the septum (Gotz and Bolz, 1992; in the future.
Roberts et al., 1993). It is possible that Slit2 secreted by
Experimental Proceduresthe ventricular lining helps set the direction of migration
away from the ventricular side of the slice. Furthermore,
Animalspreviously established gradients of repulsive cues would
Timed pregnant CF-1 mice and Sprague-Dawley rats are obtained
be functional at the time the cultures are established. from Charles River Laboratories (Wilmington, MA) and Zivic Miller
Since migration from the SVZ to the cortical plate in Laboratories (Zelienople, PA), respectively. All handling of animals
was in accordance with institutional guidelines.vitro is never as complete as in vivo, it is possible that
the ventricular lining does not secrete enough Slit pro-
Tissue and Cell Cultureteins. Slit secreted by the choroid plexus and the septum
Brain tissue explants from prenatal mice, rats, and newborn micemay diffuse through the cerebrospinal fluid and contrib-
(postnatal day 4 to 7) were isolated as previously reported (Hu et al.,
ute to repulsion away from the ventricular surface. Obvi- 1996). Briefly, brains were embedded into 5% low melting agarose.
ously, further studies are required to determine if a repul- Coronal sections (400 mm) were made with a vibratome. The SVZ
was then dissected out under a stereo dissection microscope. Forsive action at a distance like this occurs in vivo.
fetal SVZ cultures, only sections rostral to the hippocampus were
used to isolate the SVZ explants. The explants were then embedded
into collagen gels (Lumsden and Davies, 1986; Tessier-Lavigne etMigration of Olfactory Interneuron Precursors
al., 1988). The cultures were then grown in 3 ml of DMEM/F12 sup-
Unlike cerebral cortical neurons, olfactory interneuron plemented with 5% horse serum and 5% fetal bovine serum at 378C
precursors migrate within the SVZ. They do not migrate humidified incubator under 5% CO2.
To quantitate cell migration out of fetal SVZ explants, the culturesalong the glial fibers, as the fibers are oriented orthogo-
were fixed with 4% paraformaldehyde and mounted onto slides.nal to the migration direction (Kishi et al., 1990). Instead,
Camera lucida drawing of the explants was then done under a phasethey migrate in chains suggesting that they use each
contrast microscope. The cells were counted from the drawings.other as migration substrate (Lois et al., 1996). Why do To quantitate cell migration out of newborn SVZa explant cultures,
the olfactory interneuron precursors migrate unidirec- the fixed cultures were stained with 100 mg/ml propidium iodide (in
tionally toward the bulb from the SVZa? A septum- 0.1 M phosphate buffer [pH 7.4], 0.1% Triton X-100) for 1 hr to
visualize the nuclei. The stained cultures were washed three timesderived chemorepulsive factor that could set the migra-
with the phosphate buffer. Labeled nuclei were observed with ation direction away from the septum has been described
laser confocal scanning microscope (Zeiss LSM410).(Hu and Rutishauser, 1996). Since the olfactory ventricle
N2A cells were grown in DMEM/F12 supplemented with 5% fetal
is occluded in the newborn, the presence of Slit2 in the bovine serum and 5% horse serum. COS-1 and HEK293 cells were
lateral ventricles could prevent the migrating olfactory grown in DMEM supplemented with 10% fetal bovine serum. Slit2
interneuron precursors from moving caudally. expression vector transfection using LipofectAMINE (GIBCO-BRL)
was done according to the procedure suggested by the manufac-However, the Slit2 mechanism does not explain why
turer.the olfactory interneuron precursors do not deviate from
the migration pathway. A single repulsive signal derived
Immunostaining
from the septum, the choroid plexus, and the ventricular To detect expression of the general neuronal marker b-tubulin III,
lining in the back of the migration pathway cannot pre- the cultures were fixed with 4% paraformaldehyde overnight. The
fixed collagen drops containing the explants were then carefullyvent them from migrating into the cerebral cortex or the
peeled off the dishes. The explants were then incubated with 10%caudate putamen, as both tissues lack repulsive signals
goat serum in 0.1 M phosphate buffer containing 0.1% Triton-X 100(Hu and Rutishauser, 1996). Thus, other mechanisms
for 1 hr. Incubation with anti-b-tubulin III antibody (from Sigma,
must exist so that the migrating cells are confined to 1:200 dilution) was done at 48C overnight followed by three washes.
the pathway. Interestingly, the migration pathway in the The explants were then incubated with FITC-conjugated goat anti-
mouse IgG (Sigma, 1:200 dilution) for 1 hr followed by three washes.adult expresses higher levels of chondroitin sulfate pro-
Fluorescence was observed with a Nikon fluorescence microscope.teoglycan and tenascin compared to the surrounding
regions (Thomas et al., 1996). It is not known if these
Protein Fractionation
extracellular matrix molecules help keep the cells within Conditioned Medium
the SVZ. Further studies are needed to determine how N2A cells were grown to 70% confluence in 150 mm tissue culture
dishes. The cultures were then washed three times with Hanks'these cells are confined to their pathway.
Neuron
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balanced salt solution. Fresh DMEM/F12 (25 ml) was added to each T., and Little, M.H. (1998). Distinct but overlapping expression pat-
terns of two vertebrate slit homologs implies functional roles in CNSdish. The conditioned medium was then collected after 24 hr.
development and organogenesis. Mech. Dev. 79, 57±72.Chemorepulsion Assay
Lecithin 1,2-bis(tricosa-10,12-diynoyl)-sn-glycero-3-phosphotydyl- Hu, H., and Rutishauser, U. (1996). A septum-derived chemorepul-
cholin (DC8,9PC) was obtained from Avanti Polar Lipids (Alabaster, sive factor for migrating olfactory interneuron precursors. Neuron
AL). Microcylinders were formed by precipitation in ethanol as de- 16, 933±940.
scribed (Price and Patchan, 1993; Spargo et al., 1995). To load Hu, H., Tomasiewicz, H., Magnuson, T., and Rutishauser, U. (1996).
the conditioned medium or protein fractions, microcylinders were The role of polysialic acid in migration of olfactory bulb interneuron
hydrated with the samples and washed with plain cultured medium precursors in the subventricular zone. Neuron 16, 735±743.
by centrifugation at 5000 3 g. Loaded microcylinders were then
Itoh, A., Miyabayashi, T., Ohno, M., and Sakano, S. (1998). Cloningembedded into 5% low melting point agarose gels. SVZa explants
and expressions of three mammalian homologues of Drosophila slit
were cultured next to the agarose blocks in collagen gels to detect
suggest possible roles for Slit in the formation and maintenance of
the chemorepulsive activity.
the nervous system. Brain Res. Mol. Brain Res. 62, 175±186.
Column Chromatography
Kennedy, T.E., Serafini, T., de la Torre, J.R., and Tessier-Lavigne,The pH of the conditioned medium was adjusted to 5.5 with glacial
M. (1994). Netrins are diffusible chemotropic factors for commissuralacetic acid and passed through a SP-Sepharose FF column (Phar-
axons in the embryonic spinal cord. Cell 78, 425±435.macia, bed volume of 1.5 cm 3 10 cm). The column was washed
Kidd, T., Brose, K., Mitchell, K.J., Fetter, R.D., Tessier-Lavigne, M.,with 50 ml of PBS (pH 5.5). The bound protein was then eluted with
Goodman, C.S., and Tear, G. (1998). Roundabout controls axona step gradient of 30 ml PBS (pH 5.5) containing additional NaCl
crossing of the CNS midline and defines a novel subfamily of evolu-from 0.1 M to 1 M. The activity-containing fraction of 0.6 M eluate
tionarily conserved guidance receptors. Cell 92, 205±215.was then concentrated with Centricon concentrators (MWCO of 30
Kidd, T., Bland, K.S., and Goodman, C.S. (1999). Slit is the midlineK or 100 K). The buffer was changed to Tris-buffered saline by gel
repellent for the robo receptor in Drosophila. Cell 96, 785±794.filtration. The sample was then passed through an RCA-1 lectin
column (EY laboratories, San Mateo, CA; bed volume of 1 ml). The Kishi, K., Peng, J.Y., Kakuta, S., Murakami, K., Kuroda, M., Yokota,
bound proteins were then eluted with 0.1 M lactose. S., Hayakawa, S., Kuge, T., and Asayama, T. (1990). Migration of
Western Blot Analysis bipolar subependymal cells, precursors of the granule cells of the
Western blot analysis was carried out according to standard proce- rat olfactory bulb, with reference to the arrangement of the radial
dures. Briefly, the purified chemorepulsive activity was run on a 5% glial fibers. Arch. Histol. Cytol. 53, 219±226.
SDS-polyacrylamide gel and blotted onto PVDF membrane. Slit2 Kolodkin, A.L., Matthes, D.J., and Goodman, C.S. (1993). The sema-
antiserum (against EGF domains 1±5) was used at 1:200 dilution. phorin genes encode a family of transmembrane and secreted
Secondary antibody is Boehringer's anti-rabbit IgG (HRP conju- growth cone guidance molecules. Cell 75, 1389±1399.
gated) and used at 1:10,000 dilution. The immunodetection was Li, H.S., Chen, J.H., Wu, W., Fagaly, T., Zhou, L., Yuan, W., Dupuis,
developed with enhanced chemiluminescence. S., Jiang, Z.H., Nash, W., Gick, C., et al. (1999). Vertebrate slit, a
secreted ligand for the transmembrane protein roundabout, is a
repellent for olfactory bulb axons. Cell 96, 807±818.Acknowledgments
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Note Added in Proof
While this manuscript was being reviewed, Wu and colleagues also
reported that Slit repels olfactory interneuron precursors: Wu, W.,
Wong, K., Chen, J., Jiang, Z., Dupuis, S., Wu, J.Y., and Roa, Y.
(1999). Directional guidance of neuronal migration in the olfactory
system by the protein Slit. Nature 400, 331±336.
